Advanced silicon technology uses successive implantations of p-and/or n-dopants without any intermediate annealing steps. A characteristic example is the engineering of the regions of source, drain, extension and halo (cf. [1] [2] [3] and references therein). The sequence of the implantations may have a significant influence on the final distribution of dopants and radiation damage. In particular, it affects the as-implanted profiles of dopants, if in one or more implantation steps the direction of ion incidence is close to a major crystallographic axis of the silicon substrate. For example, the extension implantation is often performed perpendicularly to the wafer surface, i.e., nearly parallel to the [001] channel. The defect production in previous implantations steps influences the shape of dopant and damage distributions in a subsequent channeling implantation step, since these defects may lead to increased dechanneling. This work reports on investigations of the influence of the implantation sequence on the shape of as-implanted depth profiles of dopants. The experimental results are discussed qualitatively and can be reproduced quantitatively by atomistic computer simulations.
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Two examples of consecutive implantations into the [001] channel direction were considered: (i) 35 keV B followed by 50 keV As (sequence 1) and (ii) 50 keV As followed by 35 keV B (sequence 2). The implanted fluences are given in the figures shown below. The p-type (001) Si samples were cleaned in hydrofluoric acid (HF) before the implantation. Prior to implantation, the alignment of the ion beam into the [001] direction was performed by the standard procedure employed in Channeling Rutherford Backscattering Spectrometry (RBS/C) [4] . The implantations were carried out at room temperature. The B and As depth profiles were measured by Secondary Ion Mass Spectrometry (SIMS) at Evans East (East Windsor, NJ, USA) using a PHI Quadrupole SIMS instrument. The B and As detection limits were 10 15 and 10 14 cm -3 , respectively. The accuracy of the depth calibration was 5 %. Furthermore, RBS/C analysis was performed in order to determine the as-implanted damage.
The SIMS data obtained for sequence 1 are shown by the thick lines in Figs. 1 (a) and (b). For comparison, the As profiles in samples without B pre-implantation are depicted in Fig. 1 (c) . The results clearly demonstrate that the defects formed by the B implantation (5.6 × 10 15 cm -2 ) cause a significant dechanneling of the subsequently implanted As ions. This reduces the penetration depth of As considerably. Due to the relatively low fluences of the As implantations, the dechanneling of the As ions is mainly caused by the defects produced by the B implantation, and the damage buildup during the As implantation plays only a minor role. This is confirmed by the observation that for the three fluences considered the shape of the As depth distributions is similar. Furthermore, the comparison between the shape of the boron profile obtained at the low fluence of 2.3 × 10 13 cm -2 with that for 5.6 × 10 15 cm -2 shows that with increasing boron fluence the implanted boron ions are more and more dechanneled. This means that at a boron fluence of 5.6 × 10 15 cm -2 a certain amount of defects is formed. The SIMS data for sequence 2 are depicted in Figs. 2 (a) and (b). The boron profile in a sample pre-implanted with an As fluence of 1.1 × 10 13 cm -2 is very similar to the profile in a sample without As preimplantation (cf. Fig. 1 (a) ). For the higher arsenic fluences, the defects formed during the As implantation lead to an increased dechanneling of the subsequently implanted B ions. The damage profiles obtained by RBS/C measurements ( Fig. 2 (d)) show that defect accumulation occurs during both the arsenic and the boron implantations. At the highest As and B fluences, the maximum damage level approaches the amorphization threshold. The comparison with RBS/C data obtained after As implantation leads to the conclusion that the subsequent B implantation does not significantly increase the disorder within the region of the defects formed by the As implantation.
The measured B and As depth distributions were simulated using the Crystal-TRIM program. It treats the penetration of ions into the target by a sequence of binary collisions with target atoms in the closest environment of the ion trajectory. Since many details of the Crystal-TRIM code have been provided in previous papers [5] [6] [7] [8] , the following description is limited to the values of certain parameters and to the models for damage buildup and ). In (a) and (b) the thick lines show the B and As depth distributions measured by SIMS, respectively. The B profile in (a) was determined after the first implantation step. For comparison, the measured As depth profiles in samples without B pre-implantation are also given (c). In (a) the thin line shows SIMS data obtained after B implantation at 2.3 × 10 13 cm -2 . The histograms depict the results of computer simulations. dynamic annealing. The thickness of the native oxide layer on the (001) Si sample was set to 0.5 nm, i.e., smaller than the default value of 1.5 nm. This assumption is justified due to the HF cleaning procedure before the implantation. The parameters C λ and C el used in the model for the electronic energy loss of an incident ion in a collision with a target atom [5] have the following values: C λ = 1.01, C el = 1.1 for B and C λ = 0.9, C el = 1.57 for As. The first parameter is employed to calculate the electronic energy loss averaged over all impact parameters, using the ZBL electronic stopping cross-section [9] . The second parameter describes the impact-parameter dependence of the electronic energy loss in a modified Oen-Robinson model [10] .
The Crystal-TRIM code simulates only the ballistic processes during ion bombardment, but not the subsequent relaxation processes which are responsible for the formation of the as-implanted defect structure. Therefore, a phenomenological description is used to treat the influence of defect production on the trajectories of the implanted ions [7, 8] . It is based on results of molecular dynamics simulations and on experimental investigations. The fundamental quantities of the model are the nuclear energy deposition per target atom E n A and the probability p d that the implanted ion collides with an atom of a damaged region. The first quantity can be determined exactly by the consideration of the ballistic processes. It increases monotonically throughout the implantation since each implanted ion contributes to the nuclear energy deposition. The second quantity describes the damage level in the target and depends on E n A , the ion species, the target temperature and the incident ion flux. E n A and p d are local quantities, i.e., their values may vary in dependence on the considered volume element of the target. The collision of the ion with atoms in a damaged region is treated in the same manner as projectile-target collisions in an amorphous target. This is a simplifying assumption about the nature of the defects formed during ion implantation. Molecular dynamics simulations showed that the as-implanted defect structure depends on the ion mass [11, 12] . The implantation of heavy ions leads to dense collision cascades. Therefore, after the fast relaxation of the ballistic disorder a considerable number of complex defects may be formed. Some of them are small amorphous regions or amorphous pockets, as assumed in the simplified damage model. On the other hand, light ion implantation with a comparable local nuclear energy deposition per atom yields a smaller percentage of complex defects since the collision cascades are more dilute. Temperature and ion flux influence the dynamic annealing during the ion bombardment [13, 7, 8] . The phenomenological description used in Crystal-TRIM considers two simple but extreme cases: (i) the damage buildup and (ii) the dynamic annealing (cf. [7] , equations (1) and (2)). In both cases, for low values of E n A the damage probability p d grows linearly with E n A . In the damage buildup model the local region is amorphized (p d = 1), if p d exceeds the threshold p t (p t ≤ 1). If dynamic annealing prevails, the local damage saturates at a constant level p S (p S ≤ 1) when p d exceeds p S . The model parameters, i.e., the parameter C a which characterizes the linear increase, and the threshold p t or p S , depend on the ion species, the target temperature and the ion flux. In the present work the damage accumulation model is applied to simulate the As implantation (C a = 10.67 meV -1 , p t = 0.12), whereas the dynamic annealing model is used for the B implantation (C a = 1.6 meV -1 , p S = 0.01). These assumptions are consistent with the results of experimental investigations that show that at room temperature the defect formation by heavy ions, such as As, is dominated by the damage buildup, whereas for light ions, such as B, the dynamic annealing prevails [13, 14] . Figures 1  (a), 1 (c) , and 2 (a) illustrate that Crystal-TRIM simulations with the above damage models are able to reproduce the SIMS profiles very well. Note that the damage models for B and As contain only two model parameters that are independent of ion fluence and energy. cm -2 As, and 5.5 × 10 15 cm -2 B after 1.1 × 10 13 cm -2 As. The As profiles in (a) were measured after the first implantation step. Continuous lines and histograms depict SIMS data and results of computer simulations, respectively. For the three cases given above, the thick, the thin and the dotted lines show the depth dependence of the damage probability (c) and the depth profiles of the relative disorder which was determined by RBS/C (d).
In this work the phenomenological description of defect formation within the framework of the Crystal-TRIM code is extended to multiple implantations with different ion species. It is assumed that, during a certain implantation step i, a given damage model (damage buildup or dynamic annealing) is used to determine the partial damage probability p d i as a function of the nuclear energy deposition E n iA within this step. The total damage probability is determined by the sum of the damage probabilities p d jE obtained at the end of all previous implantation steps j and p d i . If this sum exceeds 1, it is reset to 1. For example, in the second step of sequence 1, the total damage probability is the sum of the value obtained at the end of the B implantation and the partial damage probability during the As implantation. In both implantation steps, the partial damage probabilities are determined in the same manner as in the case of single B or As implantations. Figures 1 (b) and 2 (b) demonstrate that the ion range distributions in multiple implantations can be simulated very well using the extended damage model. It should be emphasized that the model is tested under conditions where the shape of the range profiles is most sensitive to dechanneling by defects, i.e., for two consecutive channeling implantations at different fluences. The good agreement with the SIMS data indicates that the partial damage probability obtained at the end of a certain implantation step is a unique characteristic of the damage formed in this step, and that this quantity can be employed to determine its contribution to the dechanneling of the ions implanted in subsequent steps. Consequently, the extended model should be generally applicable to multiple implantations with different ions species. The depth dependence of the damage probability at the end of the implantation sequence 2 is given in Fig. 2 (c) . The comparison with Fig. 2 (d) shows that the damage probability has a similar dependence on depth as the relative disorder. The depth distribution of the relative disorder is somewhat shallower than that of the damage probability. This may be due to the overestimation of the stopping cross-section for channeled He in the analysis of the RBS/C spectra, i.e., in the transformation of the energy to the depth scale. The absolute values for the damage probability and the relative disorder differ considerably. This is not surprising since the data shown in Fig. 2 (d) were simply obtained by normalizing to the random yield without any detailed considerations regarding the nature of the defects which cause the dechanneling of the He ions [15] . On the other hand, the damage probability (Fig. 2 (c) ) was calculated in the framework of the phenomenological model described above, which uses the simplified assumption that the as-implanted defect structure consists of amorphous pockets. These defects have a strong influence on the ion trajectories so that a small damage probability suffices to cause significant dechanneling.
